Higher cognitive ability is associated with being more physically active. Much less is known about the associations between cognitive ability and sedentary behavior. Ours is the first study to examine whether historic and contemporaneous cognitive ability predicts objectively measured sedentary behavior in older age. Participants were drawn from 3 cohorts (Lothian Birth Cohort, 1936 [n ϭ 271]; and 2 West of Scotland Twenty-07 cohorts: 1950s [n ϭ 310] and 1930s [n ϭ 119]). Regression models were used to assess the associations between a range of cognitive tests measured at different points in the life course, with sedentary behavior in older age recorded over 7 days. Prior simple reaction time (RT) was significantly related to later sedentary time in the youngest, Twenty-07 1950s cohort (p ϭ .04). The relationship was nonsignificant after controlling for long-standing illness or employment status, or after correcting for multiple comparisons in the initial model. None of the cognitive measures were related to sedentary behavior in either of the 2 older cohorts (LBC1936, Twenty-07 1930s). There was no association between any of the cognitive tests and the number of sit-to-stand transitions in any of the 3 cohorts. The meta-analytic estimates for the measures of simple and choice RT that were identical in all cohorts (n ϭ 700) were also not significant. In conclusion, we found no evidence that objectively measured sedentary time in older adults is associated with measures of cognitive ability at different time points in life, including cognitive change from childhood to older age.
Keywords: sedentary behavior, cognitive ability, intelligence, activPAL, objective measures Sedentary behavior (SB) is defined as any waking activity characterized by low energy expenditure (Յ1.5 metabolic equivalents) in a sitting or reclining posture (Barnes et al., 2012; Chastin, Schwarz, & Skelton, 2013) . It has been identified as a risk factor for adverse health outcomes, such as diabetes and cardiovascular disease (Ford & Caspersen, 2012; Wilmot et al., 2012) , as well as all-cause, cancer-, and cardiovascular-disease-specific mortality (Biswas et al., 2015; Katzmarzyk, Church, Craig, & Bouchard, 2009) . Being less sedentary has been shown to be a predictor of successful aging in middle-aged and older adults independent of physical activity (de Rezende, Rey-López, Matsudo, & do Carmo Luiz, 2014; Dogra & Stathokostas, 2012) . Sedentary behavior increases with age, and older adults are the most sedentary subpopulation (Davis et al., 2011; Harvey, Chastin, & Skelton, 2013 Matthews et al., 2008) . It is estimated that time spent in sedentary activities in the adult population will increase to approximately 42 hr per week in the United States, and 52 hr per week in the United Kingdom, by 2030 (Ng & Popkin, 2012) . The worldwide ageing of populations means that sedentary behavior is set to be increasingly prevalent, and thus the associated health burden will continue to increase (World Health Organization, 2011) . It is therefore of particular importance to understand predictors of sedentary behavior in older age.
One well-established predictor of a wide range of healthy behaviors in older age, including physical activity, is cognitive ability (Batty, Deary, Schoon, & Gale, 2007; Deary, Weiss, & Batty, 2010; Hillman et al., 2006) . Much less is known about the links, both cross-sectional and longitudinal, between cognitive ability and sedentary behavior. One study looked at cross-sectional associations of cognitive performance, operationalized as verbal memory and executive function, with sedentary activities (computer use and TV viewing) in older adults (Kesse-Guyot et al., 2012) . The study found that better cognitive performance was cross-sectionally linked to more computer use but less TV viewing time. However, these measures of sedentary behavior were selfreported, and thus may not be accurate measures of sedentary time (Dall et al., 2017; Reilly, et al., 2008) . Older adults often underestimate their sedentary time, as they can find it cognitively challenging to recollect and estimate (Harvey et al., 2015; van Uffelen, Heesch, Hill, & Brown, 2011) , and a study showed that adults tended to underestimate their sedentary time by 2 to 4 hr per day (Chastin, Culhane, & Dall, 2014) . The measures were also incomplete, as they did not cover the full range of possible sedentary activities.
One study examined cross-sectional associations between objectively measured sedentary behavior and cognitive status at Age 79 (Lord et al., 2011) . Cognitive status was assessed using the Cambridge Neuropsychological Automated Testing Battery, the National Adult Reading Test, and the Mini Mental State Exam. None of the cognitive measures were significantly associated with the objectively measured sedentary time; however, the sample size was small (n ϭ 56), and thus underpowered to detect modest associations.
The aim of the present study was to explore whether prior and contemporaneous cognitive ability is associated with objectively measured sedentary behavior in three large Scottish cohorts of older adults.
Method Participants
Participants for the Seniors Understanding Sedentary Patterns (USP) study were recruited from three cohorts of the two Scottish longitudinal studies: The Lothian Birth Cohort, 1936 , and two cohorts of the West of Scotland Twenty-07 study , that is, the 1930s and 1950s cohorts. Numbers in the cohorts' titles represent the year or the decades of birth for LBC1936 and Twenty-07 cohorts, respectively. The same protocol for collecting sedentary behavior data was employed in all cohorts. The cognitive ability and other data from previous and current waves, when available, were used to investigate predictors of sedentary behavior in older age.
Lothian Birth Cohort, 1936. The LBC1936 participants were drawn from Wave 4 of the Lothian Birth Cohort, 1936 -a follow-up study of the Scottish Mental Survey, 1947 . The fourth wave of assessment was conducted when participants were 79 years of age. All participants in the LBC1936 were community dwelling. Full details on the recruitment and testing procedures are provided elsewhere (Deary, Gow, Pattie, & Starr, 2012; Deary et al., 2007) .
The target number of participants from the LBC1936 cohort for the Seniors USP study was 300. In total, the first 373 participants who attended Wave 4 were invited to take part until 304 agreed and had the physical activity monitor fitted, of whom 302 returned the monitor. There were no additional selection criteria to take part in the study. All participants provided written informed consent. Ethical approval was obtained from the Multi-Centre Research Ethics Committee for Scotland.
Twenty-07 Study (1930s and 1950s cohorts) . The Twenty-07 study includes three cohorts born approximately 20 years apart, two of whom are included here: the 1930s and 1950s cohorts. Data for the main Twenty-07 study were collected in five waves between 1987 and 2008, and the sedentary behavior data were collected concurrently with Wave 4 of the LBC1936 for Seniors USP. All participants who lived in the greater Glasgow area were eligible to take part in the study. All eligible participants in the 1930s cohort (n ϭ 468) were approached, of which 129 agreed to wear the activity monitor. A random sample of eligible people (n ϭ 765) in the 1950s cohort was approached, of which 340 agreed to take part. Ethics approval for the Twenty-07 study was obtained from the NHS and/or Glasgow University Ethics Committees. Detailed descriptions of the Twenty-07 study design and data collection are provided elsewhere (Benzeval et al., 2009) . Figure 1 shows comparative timelines of the three cohorts.
Measures
Sedentary behavior. Sedentary behavior was measured as a 7-days continuous recording (7 ϫ 24 hr, starting at midnight) using the activPAL activity monitor (activPAL3c; PAL Technologies, Glasgow, United Kingdom). The validity of the activPAL monitor has previously been established by comparing direct observations with the data recorded using the activPAL devices. Participants wore the device while being observed over two 6-hr periods. The recording underestimated the sitting time by Ͻ3% on average (Kozey-Keadle, Libertine, Lyden, Staudenmayer, & Freedson, 2011) . The error rate for measuring activity at the treadmill or outdoors was Ͻ1% (Grant, Dall, Mitchell, & Granat, 2008) . Furthermore, the accuracy of the activPAL measures was shown to be within Ϯ5% of those obtained through commonly used video observations for physical activity and posture (Sellers, Dall, Grant, & Stansfield, 2016) . Finally, the interdevice reliability between four devices was shown to be high (Sellers et al., 2016) .
The activPAL device is small and light to wear (53 ϫ 35 ϫ 7 mm; 15 g). Participants had the monitor fitted to the front of the thigh of their dominant leg using a waterproofing dressing. They wore the monitor continuously for 7 full days including during sleep, bathing, or swimming. During the time they wore the monitor, participants also recorded the time they woke up and fell asleep each morning and evening. The activPAL is a triaxial inclinometer that continuously monitors the position of the thigh. Recorded data were downloaded using activPAL software (Version 7.2.32; PAL Technologies) and collated with sleep diary data in the R environment (R Core Team, 2016) . The outcome measures derived in this fashion were the average percentage of waking time spent sedentary per day (hereafter, "sedentary time") and the number of sit to stand transitions per each day of assessment (hereafter, "sit-to-stand transitions"). The protocol for obtaining the outcome measures was consistent across all three cohorts used in this study.
Cognitive ability. The Moray House Test No. 12 (MHT) was administered during the SMS1947 (Deary, Whalley, & Starr, 2009 ). The test consisted of a variety of items designed to assess reasoning ability-for example, word classification, analogies, reasoning, arithmetic, spatial items, and so forth. The MHT is a reliable and externally validated measure of general intelligence (Deary et al., 2007; Deary, Whiteman, Starr, Whalley, & Fox, 2004) . The MHT scores are available at mean ages of 11 and 79 years in the LBC1936, corrected for age (in days) at the time of cognitive testing. Lifetime cognitive change was assessed as residuals of the regression models predicting Age 79 MHT score from Age 11 MHT scores (see Figure 1) .
A General Cognitive Ability (g) factor was computed as the first unrotated principal component of the six tests taken from the Wechsler Adult Intelligence Scale-Third UK Edition (Wechsler, 1998). The tests used were Matrix Reasoning, Block Design, Letter-Number Sequencing, Symbol Search, Digit Span Backwards, and Digit Symbol. The g factor was calculated at Age 79 years in the LBC1936, the same wave of measurement sedentary behavior study was conducted.
Part 1 of the Alice Heim 4 test (AH4; Heim, 1970) was used to assess general intelligence in the Twenty-07 cohorts. The test comprises 32 items of verbal and 33 items of numerical ability, including series completion, mental arithmetic, vocabulary, and analogies. The test correlates highly with other measures of general ability such as Raven's Progressive Matrices (Batty, Deary, Benzeval, & Der, 2010; Heim, 1970) . The AH4 scores used here were from the most recent wave of measurement (Wave 5) of the 1950s cohort, and Waves 1 and 5 of the 1930s cohort. Cognitive change between Waves 1 and 5 (approximately 20 years apart) was assessed as residuals of the regression model predicting Wave 5 AH4 scores from Wave 1 AH4 scores in the 1930s cohort (see Figure 1 for the exact timelines of data collection).
Simple reaction time (SRT) mean and four-choice reaction time (CRT) mean were obtained with a commonly used box designed specifically for this purpose (Deary & Der, 2005; Deary, Der, & Ford, 2001 ). Both tasks had eight practice trials, as well as 20 and 40 tests trials for the SRT and CRT tasks, respectively. Participants who made 10 or more errors on the CRT (n ϭ 3) or who had missing values on either of the tasks (n ϭ 4) were removed from the analyses that included these variables. We used SRT and CRT scores from the most recent waves of measurement, which are Wave 4 of the LBC1936 (contemporaneous with sedentary behavior measures), and Wave 5 of the 1930s and 1950s Twenty-07 cohorts (about 8 years prior to sedentary behavior measures; Figure 1 ).
Covariates. The following variables were used as covariates: age at time of cognitive testing (continuous), sex (1 ϭ men, 2 ϭ women), maximum educational attainment (0 ϭ no qualification, 1 ϭ basic education including O levels and A levels, 2 ϭ advanced education including semiprofessional and professional occupations, or a degree), employment (0 ϭ employed, self-employed, or semiretired, 1 ϭ retired), and long-standing illness. Illness was coded as 1 if the participant answered "yes" to both of the following questions: "Do you have any long-standing illness, disability or infirmity?" and "Does this condition limit your activities in any way?"; illness was coded as 0 if they answered "no" to either of the two questions. All covariates were consistent across all three cohorts.
Statistical Analysis
Comparisons between the sexes were done using t tests for continuous variables and chi-square tests for categorical variables. Linear regression models were used to assess the associations between cognitive ability and measures of sedentary behavior. The dependent variables were average percent of waking time spent sedentary per day and the average number of sit-to-stand transitions per day. The number of sit-to-stand transitions measure was positively skewed in all three cohorts and was therefore squareroot transformed. We ran a series of regression models for each of the two sedentary behavior outcomes. In Model 1, a measure of cognitive ability was entered as an independent variable, controlling for age and sex. In Model 2, education was added as another independent variable. In Model 3, a measure of long-standing illness was added to the previous model as independent variable. These steps were repeated for each of the cognitive measures used in the study, including measures of cognitive change. In the youngest cohort only, Model 4 was performed to additionally control for employment status. This was not possible with the two older cohorts, as the number of employed participants was too low (11 in LBC1936, four in Twenty-07 1930s cohort). Given the large number of statistically dependent tests performed, we controlled for multiple testing using the false discovery rate test (FDR) within each of the analyzed cohorts (Benjamini & Yekutieli, 2001 ). All analyses were conducted using R (Version 3.3.1; R Core Team, 2016).
Results

Descriptive Statistics
Descriptive statistics for all variables in the study are presented in Table 1 . The oldest cohort, the Twenty-07 1930s cohort, with a mean age of 83 years, was the most sedentary cohort, with approximately 68% of the waking time spent in sedentary behavior. LBC1936 was second, with a mean age of 79 years and approximately 65% of the waking time spent sedentary. Finally, the youngest, the Twenty-07 1950s cohort, had a mean age of 65 years, and spent approximately 62% of the waking time engaged in sedentary behavior (see Table 1 for more details). Men and women showed similar levels of sedentary behavior in both Twenty-07 cohorts, but males were more sedentary than females in the LBC1936. Mean levels of cognitive ability were similar for men and women in all three cohorts (see Table 1 ). At the zero-order level, two correlations were significant: the association between sex and total sedentary time in the LBC1936 cohort (r ϭ Ϫ.23, p Ͻ .001), and the association between long-standing illness and total sedentary time in the 1950s Twenty-07 cohort (r ϭ .29, p Ͻ .001). None of the other variables in the study were significantly related to either of the two sedentary behavior variables at the zero-order level (ps ranging between .26 and .99).
Cognitive Ability and Sedentary Time
First, we examined the associations between cognitive measures and sedentary time in the youngest, Twenty-07 1950s cohort (see Table 2 ). SRT measured in Wave 5 was significantly and positively associated with sedentary time in Model 1 (standardized ␤ ϭ .12) but not in any of the models including additional controls. The reduction in effect size was small. There were no significant associations between AH4 measures or CRT measures from Wave 5 with sedentary time in the 1950s cohort. In the analyses of data from the Twenty-07 1930s cohort and the LBC1936, none of the cognitive measures (including measures of cognitive change between childhood and adulthood, and change within older adulthood) were significantly associated with sedentary time (see Table  2 for the full list of estimates).
Cognitive Ability and Sit-to-Stand Transitions
The next set of models examined whether cognitive measures related to the number of sit-to-stand transitions. The results were consistently null: None of the cognitive measures in any of the three cohorts were significantly associated with the number of sit-to-stand transitions (see Table 3 ).
Correction for Multiple Testing
Lastly, because of a large number of dependent tests we ran, to address the problem of multiple testing, we corrected observed p values using the FDR test (Benjamini & Yekutieli, 2001 ). This was done for the number of tests within each cohort separately. After doing so, none of the p values reached standard significance thresholds. Therefore, the initially observed significant association between SRT and sedentary behavior in the 1950s cohort could be considered a Type I error.
Meta-Analysis of the SRT and CRT Measures
Even though we utilize data from three longitudinal studies, the number of participants with all available data ranges from 119 to 309 across cohorts, with 80% power to detect a correlation of the magnitude ranging between 0.25 and 0.16 (low to moderate, according to Cohen's conventions). If the real effect size of the cognitive-ability/sedentary-behavior association is smaller, our samples would not have the sufficient power to detect it (Cohen, 1992) . To address this, we meta-analyzed the results for the measures of SRT and CRT, as they were assessed using an identical method in all three cohorts (n ϭ 700). The meta-analytic estimate for SRT was ␤ ϭ .04, p ϭ .30, and for CRT was ␤ ϭ Ϫ.003, p ϭ .53, for the fully adjusted models predicting total sedentary time (see Figure 2) . The meta-analytic estimates were similar for fully adjusted models predicting sit-to-stand transitions (␤ ϭ Ϫ.04, p ϭ .33 for SRT; ␤ ϭ .04, p ϭ .08 for CRT). In addition, we conducted a combined analysis with participants nested within cohorts, and fitted multilevel models corresponding to those reported in the meta-analysis previously. In the model predicting total sedentary time that included the random effect of cohort, and fixed effects of SRT, adjusted for all covariates, the effect of SRT was 0.07 (t ϭ 0.743). Similarly, in the model predicting total sedentary time that included the random effect of cohort, and fixed effects of CRT and all covariates, the effect of CRT was 0.03 (t ϭ 0.306). Jointly, these results suggest that it is unlikely that our failure to detect an effect could be explained by the lack of statistical power.
Validity of Sedentary Behavior Measures
To rule out the possibility that our results are nonsignificant not because of the true lack of the association between cognitive ability and sedentary behavior, but because the measures of sedentary behavior we used are not reliable or valid measures of real sedentary behaviors, we tested whether they correlate in an expected way with other relevant measures available in the LBC1936 cohort. Total sedentary time correlated in an expected way with current BMI (r ϭ .30, p Ͻ .001). The self-reported physical activity was available from a previous wave approximately 9 years prior to the activPAL assessment. Total sedentary time did not significantly correlate with this measure; however, the activPAL measure of step-count, and therefore physical activity, did (r ϭ .32, p Ͻ .001). Finally, we observed the difference in total sedentary time between the youngest and the oldest cohort, namely, in the youngest, Twenty-07 1950s cohort with the average age of 65, the average sedentary time was 60% of the waking hours. On the other hand, in the oldest, Twenty-07 1930s cohort, with the average age of 83, the average sedentary time was 68%, as expected (see Table 1 ). Based on these associations and differences, we conclude that our lack of significant associations is not likely a result of insufficient reliability and validity of sedentary behavior measures.
Discussion
The present study examined the associations between a broad range of cognitive tests, taken from multiple time points, and objectively measured sedentary behavior in older age in three Scottish cohorts. None of the cognitive measures were associated with current or future sedentary time after controlling for highest educational qualifications and present long-standing illness. Similarly, none of the cognitive measures in any of the cohorts were associated with the number of daily sit-to-stand transitions. Furthermore, SRT measure that was nominally significantly associated with sedentary behavior in Model 1 in the youngest cohort did not sustain correction for the false discovery rate. The metaanalytic estimates for the measures of SRT and CRT across all three cohorts were also nonsignificant. In summary, we found no evidence that prior or contemporaneous cognitive ability or cognitive change are associated with objectively measured sedentary behavior in older age.
Our results are not in line with a study that showed cognitive status is related to different aspects of sedentary time (KesseGuyot et al., 2012) . One explanation could be that, although Kesse-Guyot and colleagues (2012) reported differing associations between different aspects of sedentary behavior and cognitive performance, in our study, we used a measure of total sedentary time that could not distinguish between these different activities. It is possible that cognitive ability has positive associations with certain sedentary behaviors but negative associations with others (Kesse-Guyot et al., 2012), which would cancel out and yield a negative association with a measure of total sedentary time. Another possibility is that the discrepancy in the findings results from different nature of the measures. Kesse-Guyot et al. used selfreported measures of sedentary behavior, which may be biased (Dall et al., 2017; Reilly et al., 2008) , and our sedentary measures were objective. Social desirability, or perhaps other health behaviors associated with sedentary behavior, may influence self-report.
On the other hand, our results are consistent with that of a small study that used the same outcome measure, and found no association between several measures of cognitive performance and objectively measured total sedentary time in a sample of older adults (Lord et al., 2011) .
Our study has several strengths. We were able to use a variety of cognitive tests that include general ability and processing speed measures. Furthermore, we had access to cognitive data from multiple time points, starting from childhood to several waves of follow-up in older age. This allowed us to test whether prior and contemporaneous cognitive ability, as well as cognitive change, relate to measures of sedentary behavior. Next, we used measures of sedentary behavior recorded objectively over a period of 7 days. This increases reliability and validity of the outcome measures over most of the previous studies that relied on self-reports and proxy measures (e.g., screen time). Finally, we were able to test Figure 2 . The meta-analytic estimates for the measures of simple reaction time and choice reaction time predicting total sedentary time, controlling for age, sex, education, and long-standing illness (Model 3 in Table 2 ). these associations in three ageing cohorts, which shared identical measures of sedentary behavior as well as some of the cognitive measures. This allowed for direct replication and comparison of the models, thus providing us with more reliable and generalizable results.
The study also had some limitations. Primarily, measures of sedentary behavior were available only in the most recent wave of assessment, whereas addressing any direction of the observed effects would also require measures of sedentary behavior taken in previous waves. Importantly, we were not able to assess whether prior sedentary behavior was associated with subsequent cognitive functioning. Finally, we used a measure of total time spent in sedentary activities, but we were not able to distinguish between different sedentary activities that could have differential associations with cognitive ability (Kesse-Guyot et al., 2012) .
In conclusion, we found no evidence that prior or current cognitive ability is associated with objectively measured sedentary time in older age. Future studies should aim to replicate these findings using larger samples and multiple waves of objectively measured sedentary behavior, and taking into account different types of sedentary behavior.
